heart muscle; acid-base balance HYPERCAPNIAAND REDUCEDEXTRACELLULAR pHisknownto depress the contractility and performance of the intact and perfused heart of mammals (6, 9, 11, 12, 22, 23) .
Hypercapnia is also a natural corollary to submersion in diving mammals. Their hearts and other organs thus appear adapted to hypercapnic levels not tolerable by nondiving species. In fact high levels of CO2 seem to offer a protective effect in diving animals since hypoxia is better tolerated in the presence of COz than without it (19). A similar protective effect of CO2 in hypoxic stress has been reported for the developing avian embryo (13) and for rat myocardium (1). A recent study has demonstrated conversely that ventricular strips from rats adapted to hypocapnia and hypobaric hypoxia (high altitude) are more sensitive than control animals to carbon dioxide (Zl), whereas the hearts of hibernators allegedly adapted to hypercapnic conditions and lactacidemia by contrast show an increased CO2 tolerance (20). On the other hand both hypobaric hypoxia (3, 7, 10, 15, 16) and hibernation (3, 16) make the myocardium more tolerant to acute anoxia as measured by isolated strips in vitro.
It has been established moreover that hearts of poikilotherm vertebrates are far more tolerant to hypoxic stress than hearts of homeotherms.
Among poikilotherms, however, notably among fishes, there is a wide range in anoxic tolerance of their hearts (5). Species like the plaice Pleuronectes p/a tessa, for example, are 10 times more tolerant to anoxic stress than the Atlantic cod Gadus morrhua. The great ability of the plaice heart muscle to produce force under anoxia has been related to a high ratio of anaerobic to aerobic catabolic capacity, expressed as the ratio between pyruvate kinase activity and cytochrome oxidase activity (5).
The objective of the present study was to assess whether the great variations in tolerance of the heart to anoxic stress among species of fishes extend to hypercapnic acidosis. Plaice and cod were selected for the comparison since these two species have a documented difference in tolerance to anoxia.
The effects of hypercapnic acidosis were studied independently of simultaneous hypoxia by keeping the medium surrounding the heart muscle preparations hyperoxic while applying the hypercapnic stress.
MATERIAL AND METHODS
Plaice and cod were caught by trawl in the vicinity of Aarhus, Denmark.
The fish were kept in large aquaria with filtered recirculating seawater at 10-l 5 "C. Both sexes and only grown specimens were used. Experimental animals were quickly sacrificed and the heart was excised and immersed in cooled, well-aerated Cortland-Ringer solution A standardized strip of ventricular myocardium was cut from the ventricular wall and mounted in a thermostatequipped muscle chamber ( 12.0 =t 1 .O "C). Various amounts of NaHCOa (0.0, 5.9, 11.9, 23.8, or 35.7 A reference COz concentration of 3 % as a normocapnic value in fish is not realistic since normal circulating Pcoz levels in fish are very much lower ( <4.0 mmHg) (17). However, with the objective of producing an acidosis by CO 2 equilibration at the stated experimental conditions the shift in COa concentrations from 3 % to 15 % CO2 was necessary. The change in force development was continuously recorded for 40 min during equilibration with the high-CO2 gas. The force development is expressed in percent of the value prevailing before changing to the high-CO2 gas. Six to eight experiments were performed on each species at each of the five bicarbonate buffer values. The pH of the muscle bath was measured prior to the high-CO2 gas and at 10, 20, and 30 min of equilibration with the high-CO2 mixture.
RESULTS Figure 1 shows the time course of force development of heart muscle preparations of plaice and cod during production of acidosis by CO2 equilibration.
The muscle strips were studied in Cortland-Ringer solution containing 35.7 mM bicarbonate.
During 40 min of bubbling the 15 % CO2 gas mixture the pH reduction in the muscle bath (extracellular pH) was similar for heart preparations of plaice and cod. The time course of the pH reduction was different, with a faster initial drop in the plaice that leveled off between 10 and 30 min while in the cod a more linear decline in pH took place. Initially at the highest CO2 the force development and muscle bath pH were similar for the two species but after 10 min of high CO2 a conspicuous difference became apparent in that the plaice myocardium started to restore force development and reached a slightly greater force at 40 min than that prevailing before high COZ. Significantly this reversal of force development occurred during the period of only slight reduction in pH of the muscle bath. In marked contrast the cod heart continued to lose force at about the same rate throughout the 40 min of CO2 bubbling, resulting in a remaining force of less than 60 % of the initial value. Since the absolute pH levels after 40 min of CO* bubbling were similar for the two preparations, the profound difference in the time course of force development must depend on factors intrinsic to the myocardial cells and not on conditions external to the heart preparations.
The influence of the bicarbonate concentration of the Ringer solution on the time course of force decay during hypercapnia is illustrated for the two species in Fig. 2 . Bicarbonate concentration was varied between 0 and 35.7 mM in five steps. The plaice heart shows arrhythmia at zero bicarbonate concentration and consequently no results are available at this buffer value. Notably, force development in the plaice heart shows a close dependence on bicarbonate concentration.
At 40 min a highly significant (P = 0.001) difference existed between the force development of the heart strips in the highest and the lowest bicarbonate concentration.
Again as in Fig. 1 independent of bicarbonate concentration with nearly parallel slopes and no signs of secondary restoration of force development (Fig. 2) .
does not show the marked negative inotropic effect observed for cod myocardium (Fig. 1) . Second, the reduction in force development during acidotic conditions of the cod heart is unafl'ected by the extracellular bicarbonate concentration. The plaice heart, in distinction, is able to restore an initial depression of force development in acidosis at higher extracellular bicarbonate concentrations (Figs. 2 and 3 ). Although our findings cannot be fully explained, several differences between the two species may be relevant in the discussion of the observed results.
Platessoid fishes are generally sluggish and remain inactive on the bottom for long periods. Their heart weight is below the mean for other fish including codfish (14). Total heart muscle lactic acid dehydrogenase (LDH) is very low in plaice and its isozyme pattern is similar to that in skeletal muscle due mainly to a low H-isozyme activity (4, 8).
The more active, free-swimming codfish has a cardiac LDH activity 4 times higher, with both M and H isozvmes present. The plaice heart, on the other hand, is markedly more resistant to cyanide anoxia than the cod heart (ratio 10 : 1) (5), and the cardiac glycolytic capacity expressed by the pyruvate kinase:cytochrome oxidase ratio is also much higher in the plaice.
The relationship between force devel .opmen t and extracellular pH at all bicarbonate concentrations, with values plotted at 0, 10, 20, and 30 min of equilibration with high CO?, is represented in Fig. 3 for the plaice and cod heart preparations.
Whereas all the initial slopes of force development versus pH are nearly parallel for the plaice during the initial 10 min, preparations studied at high CO2 and high bicarbonate concentrations show a sudden change from a positive to a negative correlation between force and extracellular pH. This change in slope signals the initiation of enhanced force development by the plaice myocardium. A similar treatment of the results on the cod heart reveals very steep regressions of force decay with extracellular PH. Although the slopes tend to be less steep at the lower bicarbonate concentrations there is no significant evidence to show that the cod myocardium possesses an ability to make functional usage of the increased bufler capacity accruing from an increased bicarbonate concentration. Notably at the higher pH levels and presumably those reflecting extracellular pH in vivo the cod heart shows an extreme sensitivity to pH and will lose more than 50 % of its force developmcnt with a pH reduction from 7.50 to 7.00.
An unlikely explanation for the striking di,fference in the tolerance to extracellular pH reduction of the two fish hearts is that it may be circumstantial to the experimental procedure employed in that the equilibrating gas mixtures were hyperoxic.
Conceivably this condition could affect the cod heart more adversely than the plaice heart. This possibility, however, is countered by the observation that no force decay in either preparation occurred during the initial period of equilibration with 3 % CO2 in 02. 
